Abstract The study aims to explore the main drivers influencing the economic appraisal of heat warning systems by integrating epidemiological modelling and benefit-cost analysis. To shed insights on heat wave mortality valuation, we consider three valuation schemes: (i) a traditional one, where the value of a statistical life (VSL) is applied to both displaced and premature mortality; (ii) an intermediate one, with VSL applied for premature mortality and value of a life year (VOLY) for displaced mortality; and (iii) a conservative one, where both premature and displaced mortality are quantified in terms of loss of life expectancy, and then valued using the VOLY approach. When applying these three schemes to Madrid (Spain), we obtain a benefit-cost ratio varying from 12 to 3700. We find that the choice of the valuation scheme has the largest influence, whereas other parameters such as attributable risk, displaced mortality ratio, or the comprehensiveness and effectiveness of the heat warning system are less influential. The results raise the question of which is the most appropriate approach to value mortality in the context of heat waves, given that the lower bound estimate for the benefit-cost ratio (option iii using VOLY) is up to two orders of magnitude lower than the value based on the traditional VSL approach (option i). The choice of the valuation methodology has Mitig Adapt Strateg Glob Change (2018) 23:1159-1176 https://doi.org/10.1007/s11027-017-9778-4
Introduction
Since the mid-twentieth century, several regions in the world (e.g., Europe, North America, East Asia, Australia, China) have been experiencing more frequent and more severe heat waves as an effect of global warming, with a corresponding increase in environmental thermal stresses, leading to hospital admissions and heat-related mortality (IPCC 2014) . These impacts are especially prevalent in urban areas, affecting vulnerable groups such as the elderly, children, and individuals in poor health, especially those with pre-existing chronic conditions, people with disability or afflicted by obesity, and the urban poor. The frequency and intensity of extreme temperatures are expected to increase with the rise of global mean temperature, which will intensify the urban heat island effect. These impacts are further amplified by poor air quality, with consequent increased risks of heart diseases, strokes, and respiratory problems. Beniston (2004) concluded in his study that the 2003 European heat wave may very well represent an ordinary climatic event by the end of the century. This is confirmed by a recent analysis by Christidis et al. (2014) , according to whom the probability of a heat wave event such as the one observed in 2003 in Europe has risen from 1 in a 1000 years to about 1 in a 100 years, with trends of frequency projected to further increase in the future. Also, exceptional heat waves that in the early 2000s were expected to occur twice a century are now expected to occur twice a decade (Christidis et al. 2014) . Wang et al. (2015) observed over the worldwide land area that the projected increase in global mean temperature by the end of the century would also lead to a considerable geographical extension of Bextremely hot^summers. Studies from around the world are beginning to recognize that the associated health impacts may be considerable (Im et al. 2017; Martinez Austria and Bandala 2016; Azhar et al. 2014; Benmarhnia et al. 2014; Vardoulakis et al. 2014; Anderson and Bell 2011) .
As recognized by McGregor et al. (2015) , heat waves rarely have received adequate attention in the past, as they lack the dramatic effects usually observed with tropical cyclones, flash floods, and other extreme weather events. Nevertheless, it is acknowledged that heat waves can produce severe impacts, with the already mentioned direct effects on health, as well as other indirect impacts such as increased water and electricity consumption, reduced agricultural yields, and threats to ecosystems and biodiversity (Seifert et al. 2015; Zuo et al. 2015) .
In this context, the implementation of heat warning systems (HWSs) can bring important health benefits in terms of avoided heat-related mortality and morbidity. Only few benefit estimates are available from the literature (Menne and Matthies 2009; ONERC 2009; Ebi et al. 2004; EPA 2015; Hunt et al. 2016) . Additional economic evidence on adaptation benefits and costs of HWS is needed to set priorities at the regional, country, and city levels, in order to avoid unwanted economic losses to society due to maladaptation. The implementation of HWSs has become widespread in numerous countries around the world and is generally recognized as an important measure to address the health risks posed by heatwaves. A HWS aims at providing alerts to the health sector and the general population, as well as guidance on behavioral adjustment during dangerously hot episodes. It is part of a wider system including surveillance and emergency plans, as well as assistance services such as transport to emergency facilities and telecare.
A typical way in which warning alerts are launched is when a critical threshold temperature (T crit ) is reached, above which heat-related health impacts are expected to increase significantly above a nominal baseline. T crit is also expected to change in time as a result of many factors, such as change in urban planning (e.g., green/blue areas, building insulation), population aging and general health status, technological and healthcare advances, and behavioral changes (Meusel et al. 2004; Abrahamson et al. 2008) , besides physiological acclimatization (Aström et al. 2016) . The choice of the critical temperature is crucial for an effective warning system, in order to support timely action to prevent health impacts, as well as avoid incorrect alarms which would bring economic losses for society, and decrease the receptiveness of population and health professionals (Rogers et al. 2010) . Important requirements of HWS include, among others, the need to use local meteorological and demographic variables to set critical thresholds associated with real health impacts at the local scale, and to assess their cost-effectiveness, as recently stated in the WHO guidelines (McGregor et al. 2015) .
Given that the monetized health benefits from avoided mortality are usually quite high in environmental regulation, it becomes important for policy making to consider the uncertainties related to mortality estimates and their associated costs. It is current practice to assess the averted mortality of a HWS by applying the value of a statistical life (VSL) indiscriminately to both displaced and premature deaths. This leads to a ratio of health benefits to operational costs which is typically on the order of a thousand, even when extensive and costly outreach actions are included in the HWS planning; consequently, a HWS is considered a very cost-effective adaptation response to urban heat stress under climate change. The published literature does not examine how alternative monetary valuations would influence the cost-effectiveness of a HWS compared to other parameters. With this study, we aim to explore the main drivers influencing the economic assessment of HWS, and specifically how the choice of the monetary valuation of mortality can affect the benefit-cost ratio. For this purpose, we develop a methodological framework to assess annual flows of benefits and costs of a HWS under different epidemiological, climate, and economic valuation assumptions. The analysis of the HWS is based on the prior assessment of the mortality impacts that rely on local epidemiological evidence specifying T crit and health risks attributable to heat waves. Our methodology is applied to the city of Madrid (Spain), for the period of 2020-2040, a time frame appropriate for policy making. Madrid presents a good case study because of its geographical location in the Mediterranean region, which is familiar with very hot summers and heat wave episodes (Colacino and Conte 1995) .
Assessment of heat-related mortality
The consequences of extreme heat on health hinge on a wide range of interrelated factors, including sociodemographic characteristics, population health status, and association with other pollutants.
For this study, we used epidemiological studies from the literature for this specific site (Linares et al. 2014; Diaz et al. 2015 ). The empirical model estimates the heat wave threshold temperature T crit , defined as the maximum air temperature when daily mortality (at the 95% statistical significance level) exceeds the expected background daily mortality rate. For Madrid, T crit was found to be 34°C for the reference period from 2001 and 2009, and the temperature-mortality attributable risk AR, the proportion of daily deaths from natural causes attributable to heat exposure, is equal to 4.24% (95% CI, 1.57-6.88) for each 1°C above T crit . The AR is a mean summertime value age-weighted by the total exposed population, adjusted for covariates such as outdoor air particulate matter and ozone pollution, ambient noise, pollen concentration, and seasonal influenza incidence rate.
The expected annual mortality burden M t in year t under alternative socioclimatic scenarios is calculated as:
Time-based data on daily mortality rate from natural causes μ t , mean daily excess temperature, ΔTemp t = (T max − T crit ) t , and number of heat wave days Ndays t are calculated for summer days when the daily maximum temperature, T max , exceeds the heat wave threshold temperature T crit . Here, summertime covers the time period from 1 June to 30 September. AR is kept constant in Eq. 1. The expected total mortality TM between years 2020 and 2040 is calculated as follows:
The heat anomaly is distinguished between displaced and advanced (premature) deaths. Mortality displacement refers to acute deaths that occur during or immediately after a heat episode and concern people at the end of their lives who would have died regardless of heat exposure. The increase in mortality rate, which is then accompanied by a short-term anomalous reduction of deaths in the population, is known as Bharvesting^ (Hajat et al. 2005; Saha et al. 2014; Armstrong et al. 2014) .
Premature mortality, on the other hand, refers to heat-related excess deaths in otherwise healthy individuals, who die earlier because of heat exposure. This affects different segments of the population disproportionally, especially the elderly (living alone or socially isolated), but also other groups such as infants and young children, manual workers, and people who engage in strenuous outdoor activities during hot weather. The loss of life per premature death depends on the expected remaining life of an individual at death and health status and may range from several months to the remaining life expectancy at age of death. The majority of people who succumb to heat stress are primarily aged 75 and over (Linares et al. 2014) .
Taking into consideration the difference between displaced and premature mortality, we rewrite Eq. 1 as follows:
DM t are the expected annual displaced deaths in year t, and PM t the expected annual premature deaths. DMR is the displaced mortality ratio, the share of deaths in M t due to displaced mortality.
An alternative indicator of mortality impact is the number of years of life lost YLL, which considers the remaining years of life expectancy at the time of death (OECD 2001; WHO 2013; Gardner and Sanborn 1990; McDonnel et al. 1998 ). The impact of heat waves on the annual years of life lost due to displaced DYLL t and premature PYLL t mortality is calculated as follows:
γ d and γ p represent, respectively, the mean loss of life per displaced and premature deaths.
3 Model assumptions
Socioclimatic projections
Heat-related mortality and economic benefits and costs of heat alert systems are projected assuming different scenarios that reflect uncertainty about climatic and socioeconomic development (Gosling et al. 2009; Dessai 2003) . For daily maximum temperature T max , we assume two climatic projections between 2020 and 2040 based on Representative Concentration Pathway (RCP4.5 and RCP8.5) scenarios presented in IPCC's Fifth Assessment Report AR5 (van Vuuren et al. 2014) . RCP8.5 is a high CO 2 emissions scenario, driven by a strong reliance on fossil fuels and strong population growth. RCP4.5, instead, is an intermediate emissions scenario characterized by ambitious emission reductions consistent with strict climate policies. Projections of T max for each scenario are taken from Scoccimarro and Gualdi (2014) who downscaled Coupled Models Intercomparison Project (CMIP5) simulations with the Rossby Center Atmosphere (RCA4) regional model.
The RCP climate scenarios are coupled with alternative global socioeconomic projections developed within the Shared Socio-economic Pathways (SSPs) based on evolution of economic, demographic, social, technological, environmental, and governance assumptions. In this study, RCP4.5 is coupled with SSP2, representative of the middle of the road expectations with significant heterogeneities within and among countries. On the other hand, RCP8.5 is combined with SSP5, characterized by high and rapid economic growth, strong population growth and consumption, and lack of global environmental action (O'Neill et al. 2013 (O'Neill et al. , 2015 .
Mortality parameters
The main assumptions and inputs for mortality calculations in this study are summarized in Table 1 . The heat attributable risk AR, displaced mortality ratio DMR, and mean loss of life expectancy are kept constant, whereas the remaining variables are changing over time.
For the period 2001-2009, the mortality in Madrid on heat wave days (T max > T crit = 34°C) was 57.5 deaths per day (Linares et al. 2014) . The daily mortality rate μ t is an age-weighted projection over time using Spanish Statistical Office (INE 2014) demographic assumptions for the city of Madrid up to year 2040. The empirical evidence on mortality displacement is still limited, and results across studies are sometimes inconsistent. Thus, we select an upper and lower bound estimate using results from (Saha et al. 2014 ) who analyzed mortality displacement in seven US cities over the period between 1980 and 2009.
The loss of life attributed to a displaced death γ d is assumed equal to 16 days, the mean of the interval ranging from a few days to about 1 month, but could be more depending on local conditions (Hajat et al. 2005; Saha et al. 2014) . For premature deaths, we assume the loss of life γ p ranges between several months and the expected remaining life years at the age of death. The lower bound of this range is inferred on the basis of years of life lost for an acute death from air pollution (Bickel and Friedrich 2005) , since intense heat and air pollution adversely affect the human circulatory and respiratory systems. Based on demographic projections for Madrid during the time period 2020-2040, we estimate a loss of life of around 4.7 years per premature death. This number represents a weighted mean considering future changes in life expectancy, population age distribution as determined from life table projections by the Spanish Statistical Office (INE 2014), and heat deaths by age group as determined for Madrid by (Linares et al. 2014) . γ d and γ p are kept constant over time. In this section, we present the methodological framework to assess the annual flows of benefits and costs of a HWS, combining information on T crit and projected maximum daily temperatures Tmax t over the period 2020-2040. We apply the framework to the city of Madrid.
HWS benefits from avoided mortality
The assessment is conducted as follows: (a) estimation of the preventable mortality, (b) choice of the monetary metric and adjustment of economic values from literature to study site, and (c) projections of flows of benefits over time.
Estimation of preventable mortality
The economic benefits of heat alert systems can be valued on the basis of potentially avoided mortality impacts (AM), in terms of the percentage of preventable deaths or years of life lost, given the expected effectiveness (E) of the HWS:
Given the absence of studies evaluating the effectiveness of HWS specifically for Madrid, we refer to Fouillet et al. (2008) which is one of the most comprehensive studies in this respect in Europe. They evaluated the effectiveness of the alert system and prevention plan adopted in France in 2006 by comparing observed excess deaths with those that would have been expected to occur in the absence of preventive measures. The evaluated plan comprises a wide set of measures in line with those typically introduced in Europe and North America (McGregor et al. 2015) , ranging from the setup of a warning system to real-time surveillance of health data, and emergency plans for vulnerable people with visits and care offer. Following the Fouillet et al. (2008) analysis, we assume E varies between 60 and 78%, with a central value of 65%. The range is in line with the findings of Ebi et al. (2004) and Benmarhnia et al. (2016) for North American cities.
Choice of monetary metric to value mortality
For mortality valuation, two approaches have been used in the literature and by governmental agencies (European Commission 1999): the VSL and the VOLY. Both values provide a monetary metric to estimate the benefits of measures that deliver a risk reduction on health (OECD 2001) . The VSL is based on the individual willingness to pay (WTP) for small reductions in the risk of dying. The VOLY is derived from the willingness to pay for increasing life expectancy by one additional year.
Although decision making in public health continuously involves comparing incremental costs with expected benefits, the monetization of mortality has been criticized in the literature on the basis that human life is inestimable and cannot be priced (Ackerman and Heinzerling 2004; Patokos 2010) . However, even when explicit values are not provided, mortality risk reductions will receive an implicit valuation through the decision to either implement or not to implement a particular policy. Using unambiguous values of VSL or VOLY is therefore preferred to support more transparent and consistent decision-making process (OECD 2011).
In the context of air pollution, OECD (2008 OECD ( , 2011 recommends using VSL as a general rule. European Commission (1999), the Clean Air for Europe (CAFE) program (Hurley et al. 2005; Watkiss et al. 2005) , and the APHEKOM project (Chanel 2011) suggest VOLY as the preferred approach for short-term effects on mortality from air pollution. Hurley et al. (2005) have argued that assigning a full statistical life for short-term exposure to air pollution with consequential minor changes in life expectancy might be misleading.
The VSL has been commonly used to assess the mortality impact of heat waves in previous studies leading to very high benefits of heat warning systems (Ebi et al. 2004; EPA 2015) . However, the same debate on air pollution applies in the context of heat waves, where existent studies have estimated a few days to about 1-month change in life expectancy for displaced mortality (Saha et al. 2014; Hajat et al. 2005) . So, in the context of displaced deaths, heat stress is a contributing cause of death, but not the main underlying mortality risk factor. Therefore, assigning a full statistical life for such a short reduction of life expectancy might exaggerate the economic impact or conversely exaggerate the benefits of an averted heat death. To shed further insights on heat wave mortality valuation, we propose to compare three approaches (Table 2 ). Option 1 is the traditional approach where VSL is applied to both displaced and premature mortality. Option 2 is an intermediate view, in which we use VSL for premature deaths, and VOLY for displaced mortality, considering the appropriate loss of life. Option 3 is a conservative approach where both premature and displaced deaths are calculated in terms of loss of life expectancy and valued as VOLYs. Table 3 summarizes the mortality costs selected for this study. For VSL, we rely on the global meta-analysis of stated preference studies conducted by Lindheim et al. (2011) in the context of environmental, health, and transport policies. For EU27, the recommended VSL is 3.6 million dollars (at 2005 prices).
For displaced mortality, we have taken the air pollution VOLY estimated by Chilton et al. (2004) as a proxy for Bdisplaced VOLY^in the heat wave context, given the lack of specific valuation studies. Using mortality valuation estimates from air pollution context can be a reasonable first approximation given that health outcomes (cardiovascular and respiratory diseases) are similar across the two risk factors (air pollution and heat waves). The estimate by Chilton et al. (2004) was determined using a WTP survey conducted in the UK to estimate the monetary equivalent of a small change in life expectancy under the context of short-term mortality associated with air pollution exposure. More specifically, this corresponds to a gain of 1 month in life expectancy for someone currently in poor health. The study of Chilton et al. (2004) revealed that people attributed a lower value to a gain in life expectancy when faced with poor health compared to the preference of a healthy individual. For premature deaths, as a proxy for Bpremature VOLY^in the heat wave context, we use the value of de Ayala and Spadaro (2014) , who recommend an estimate for the EU-27 considering the available literature on long-term mortality in the context of air pollution. The reference values obtained from the literature (Table 3) have been adjusted to Euro 2013 accounting for income differences, as well as for changes in the cost of living over time. For this, we follow the recommendations of OECD (2011) and economic indicators from the World Bank (http://data.worldbank.org/indicator): (i) conversion to the national currency using the Purchasing Power Parity (PPP) adjusted exchange rate, (ii) adjustment to current prices using the Consumer Price Index (CPI), and (iii) adjustment for variation of real income in time andspaceusing the PPP-adjusted gross domestic product (GDP) per capita. The reference values have been further adjusted for GDP per capita growth from the baseline year 2013 to year 2020.
Projections of benefits over time
As the mortality benefits occur over time, economic values have been adjusted to reflect the real purchase power of the population in future years according to SSP2 and SSP5 projections. The total benefits are then obtained by summing the annual flow of benefits:
TB is the present value of the total benefits for the chosen time period 2020-2040 (t = 0 to 20); AM t are the preventable deaths or YLL in each year t; V t = [V t − 1 • (1 + βg gdp )] is the VSL or VOLY adjusted for variation of real income in time, where V 0 is the value estimated for Spain in Table 3 for t = 0. g gdp is the growth rate of the PPP-adjusted GDP per capita for Spain according to the SSPs scenarios, β = 1 is the income elasticity over time (OECD 2011) , and d is the discount rate. In the case of HWS, where costs and benefits are occurring at the same time, the impact of discounting on the benefit-cost ratio is not significant, so that we take d = 0.
HWS operational costs
The assessment is conducted as follows: (a) type of actions included, (b) choice of the monetary values, and (c) projections of flows of costs over time. 
Income elasticity is 0.8 for adjustment over space and 1 for adjustment over time (OECD 2011) 
Type of actions
A heat warning system must provide advice on protective behavior to the general public, as well as to targeted vulnerable groups (the elderly, children, people with serious chronic illnesses and mobility problems, low-income groups, outdoor workers) (PHE 2013) . It is active during a specified operational timeframe which depends on the period when heat-related health burdens are expected to increase anomalously. These systems use information on weather forecasting and threshold temperatures to release watch alerts and warning messages. Specific operational conditions and actions foreseen to reduce health risks vary according to the geographical location. A HWS is usually part of a wider Heat-Health Action Plan (HHAP) (McGregor et al. 2015) , which comprises a number of actions at the community level, when the pre-identified alert threshold is reached. These are public health actions which, in Europe and the USA, generally include media announcements to the general public that suggest behavioral recommendations, a bulletin or web page directed to professionals or for the overall population, leaflets for home care managers, dedicated telephone heat lines, and alerts going out to hospital emergency services and health centers, among others (McGregor et al. 2015) . Following the 2003 heat wave, the Health Department in Madrid has put in place a warning system whose actions are aligned with those of other countries in Europe and the USA (Comunidad de Madrid 2015).
Choice of monetary values
The cost assessment within a benefit-cost analysis of any intervention in public health usually involves a number of steps, including the identification of specific actions, the categorization of costs, and the quantification of personnel and time required as well as projections and discounting (Hutton and Rehfuess 2006) . In practical terms, difficulties arise when estimating the costs of HWS in specific urban contexts due to the lack of a specific dedicated budget for planning, limited accessibility of quantitative information on personnel, and time dedication per type of action from implementing agencies, as well as lack of studies providing a transparent and comprehensive analysis of resource costs. Given these limitations, a basic procedure has been followed for the Madrid case study that relies on information from Ebi et al. (2004) . We assume a lower bound estimate of direct costs per day, referring to basic activities such as the additional labor required to maintain a heat line and emergency medical services, and an upper bound for a wider set of actions, which additionally include dissemination campaigns, media announcements, and alerts to nursing homes and other facilities that provide extra care to vulnerable people through community outreach programs. The estimates in Table 4 are adjusted to year 2013 for national currency, changes in real income per capita (in time and space), Adapted from Ebi et al. (2004) and population size at risk, and further corrected for GDP per capita and population growth from the baseline year 2013 to year 2020.
Projections of costs over time
Annual costs are projected to 2040 using PPP-adjusted GDP per capita to reflect increased labor wages over time in future scenarios (SSP2 and SSP5), population growth, and taking into account the number of days in which the HWS is activated, when the maximum daily temperature is above T crit . Income elasticity is applied in the same way as for the valuation of benefits in Section 4.1. Annual costs are summed to obtain the total cost:
TC is the present value of the yearly flow of costs for the period 2020-2040 with t = 0 to 20 years; Ndays t is the number of days in which the maximum daily temperature is above T crit in year t; the operational costs per heat wave day are DC t = [DC t − 1 • (1 + βg gdp + g pop )] and DC 0 are the costs reported in Table 4 for t = 0. g gdp and g pop are, respectively, the growth rate of the PPP-adjusted GDP per capita and the growth rate of the population for Spain according to the SSPs scenarios, β = 1 is the income elasticity over time, and d the discount rate (where we have chosen d = 0).
Results and discussion

Mortality impacts in the absence of HWS
Total mortality for Madrid City TM is computed following Eq. 2. The decomposition into premature and displaced deaths as well as the life years lost (YLL) is presented in Table 5 . Note that the influence of the RCP scenario is less pronounced than the effect of AR and DMR on mortality variability in the period of reference. Further, the years of life lost due to displaced mortality are at most a few percent of the total loss of life (0.5-3%), although displaced mortality accounts for 35-75% of deaths. This raises an important methodological question concerning which is the most appropriate metric to estimate mortality displacement.
Comparison of benefits vs. costs of HWS under RCP8.5
We present the results for RCP8.5‚ which is a business as usual scenario. The cumulative health benefits over the period 2020-2040 ranges between 0.11 and 18.7 billion €. This range reflects different choices of theinput parameters and their lower and upper bounds. For, instance, the lower bound estimates correspond to the lowest AR and HWS effectiveness, along with DMR = 75% and VOLY valuation for mortality (option 3). Conversely, the highest AR and HWS effectiveness coupled with VSL valuation (option 1) gives the upper bound.
Operational costs are determined by the number of days when the HWS is active and upon the comprehensiveness of the intervention plan. The range for the 20-year time span varies from 5.1 to 9.2 million €.
Comparison of health benefits and operational costs reveals that the benefit-cost ratio (BCR) ( Table 6 ) might vary from a lower bound central estimate of 42 (option 3) and an upper Ebi et al. (2004) and Hunt et al. (2016) ‚ whereas the lower bound under Option 3 (BCR = 12) is two orders of magnitude smaller, and could, therefore, be interpreted as a conservative estimate of the potential impact of a HWS on saving lives.
In Table 7 , we present the effect of the different input parameters on the benefit-cost ratio. The principal key driver turns out to be the mortality valuation approach, which can affect the ratio by a factor up to 32 if we compare the most conservative approach for valuation (option 3) with the traditional one (option 1). Less influential drivers for the benefit-cost ratio include the attributable risk AR and the displaced mortality ratio DMR. More epidemiological research in view of defining critical values for DMR based on localized data could reduce the impact of this parameter.
Finally, the choice of the socioclimatic scenario has a negligible influence on the benefitcost ratio as both benefits and costs are proportional to the number of heat waves days (Ndays) and the mean excess temperature (T max −T crit ) is not very different between RCP/SSP combinations in the time period of reference (Scoccimarro and Gualdi 2014) . A wider gap in the results is expected over the latter part of the twenty-first century as higher temperatures are projected under RCP8.5 compared to those under RCP4.5.
These results raise an interesting research question: Which mortality valuation approach (VSL or VOLY) is the most appropriate for projecting the health benefits of a HWS?
The answer to this question may have potential consequences for adaptation policy at the local and regional scale, as the choice of the mortality values may affect the benefit-cost ratio significantly depending on the geographical region under analysis, with economic benefits not outweighing the costs in some areas. Applying our methodological approach to the study of Hunt et al. (2016) , we would expect to find a lower bound BCR < 1 for London (Northwest Europe) and a lower bound BCR on the order of one for Prague, Czech Republic (Eastern Europe).
6 Caveats and further research 6.1 Uncertainty and time dependency
We have accounted for uncertainty in various physical and economic factors by either considering different levels or ranges for their values. This could be further refined by eliciting distribution functions for all model parameters in view of a full probabilistic analysis. Value ranges attributable to the AR, comprehensiveness of the plan in terms of costs, and its effectiveness
Most of the heat-related mortality studies assume that the current threshold temperature and/or the temperature-mortality association will remain unchanged in the future (Baccini et al. 2011; EPA 2015) . Although this assumption may be reasonable over the short term (in fact, in our own analysis for 2020-2040, we assume constant T crit and AR), future long-term studies should explore the possibility of time-varying threshold temperature and attributable risk due to potential techno-socioeconomic acclimatization processes. The variability of these parameters has global implications as their future evolution depends very much on prevailing meteorological conditions and population health trends, attributes that clearly have a geographical dimension.
Morbidity benefits
We should note that the health benefits are underestimated due to the fact that morbidity has not been included in the current analysis. Linares and Díaz (2008) have estimated morbidity effects directly linked to heat stress in Madrid, specifically related to hospital admissions from respiratory and cardiovascular causes. More recently, they extended their analysis of the impact of temperature to include mental health (Linares et al. 2016 ). In terms of economic valuation, however, morbidity benefits are relatively small compared to those of mortality. Even the loss of 1 month for a displaced death (10,300€) is around three times the cost of a hospital stay. In the case of air pollution, as a proxy example, hospitalization costs are much less than 1% of the mortality burden (Bickel and Friedrich 2005) . Therefore, addition of heat-related illnesses would not change in a significant way the conclusion regarding the cost-effectiveness of a HWS.
HWS costs
HWS operational costs have been estimated following simplified assumptions. More studies are required for better categorization of costs and human resources to establish, maintain, and operate a HWS. A HWS is part of the public health decision-making process, and any assessment of its effectiveness and associated costs should be carried out in collaboration with the public health sector (Roger et al. 2010 ).
Need for local studies
The economic analysis by Hunt et al. (2016) has demonstrated that local considerations do matter, and depending on the input data, they found significant variability in the results across the three European cities considered in that study. For the case of London, UK, for example, under certain combinations of assumptions, a HWS was found not to be cost-effective under climate change, meaning that resource costs exceeded the expected health benefits of the intervention. Thus, local evidence from one particular study, in general, can neither be directly transferred to other locations, nor readily upscaled to the regional or global level.
Conclusions and recommendations
Heat waves are expected to intensify in the future as a consequence of climate change, implying an increase of heat-related mortality, especially among vulnerable groups in urban settings. As HWSs represent an essential adaptation strategy, it is important to assess their economic viability. This paper presents a systematic framework for valuing costs and benefits of HWSs using a bottom-up approach. We find that among the many parameters that influence the benefit-cost ratio (BCR) of a HWS, the choice on how to conduct the mortality valuation (VSL vs VOLY) is the key driver, contributing to an order of magnitude change in BCR. Coupled with uncertainties in epidemiological data, and comprehensiveness of the alert plan, the BCR between the two approaches can vary by up to two orders of magnitude. The analysis opens the debate of which approach is best suited to project the health benefits of a HWS, given that the benefits may not exceed the costs when applying the VOLY approach at a particular location.
This has potentially significant consequences at the global scale, suggesting that there is no one-size-fits-all solution. Local specificity prevents any generalization given that local climate, demographic, and epidemiological conditions are highly inhomogeneous within and across countries. Therefore, adaptation efforts to establish HWSs need to be developed locally and properly reflect the nexus between hazards, population exposure, and socioeconomic vulnerabilities.
The most adequate economic approaches should be used to value HWSs, including the development of specific estimates for displaced and premature VOLYs suitable for heat mortality assessment, in order to avoid inefficient and maladaptation strategies. Until such values are available, our recommendation is to apply the three suggested valuation approaches to test that the BCR is greater than unity and use VOLY values borrowed from air pollution context given that the health outcomes are similar.
Finally, for a HWS to remain a viable and cost-effective option for heat adaptation, it is important that public health authorities periodically review their economic viability and effectiveness. Reassessment every 10 years could be recommended as this might represent an appropriate time scale to observe epidemiological changes in health risks in response to socioclimatic-economic trends, technological and medical advances, health system, and community-coordinated actions against excessive temperatures, as well as individual physiological acclimatization.
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